Bacterial ice nucleation activity (INA+ phenotype) can be traced to the product of a single gene, ina. A remarkably sparse distribution of this phenotype within three bacterial genera indicates that the ina gene may have followed an unusual evolutionary path. Southern blot analyses, coupled with assays for ice-nucleating ability, revealed that within four bacterial species an ina gene is present in some strains but absent from others. Results of hybridization experiments using DNA fragments that flank the ina gene suggested that the genotypic dimorphism of ina may be anomalous. A phylogenetic analysis of 16s ribosomal RNA gene sequences from a total of 14 ina+ and inabacterial strains indicated that the ina+ bacteria are not monophyletic but instead phylogenetically interspersed among ina-bacteria. The relationships of ina+ bacteria inferred from ina sequence did not coincide with those inferred from the 16s data. These results suggest the possibility of horizontal transfer in the evolution of bacterial ina genes.
Introduction
The melting temperature of ice is OOC, but water does not necessarily freeze at that temperature. In fact, liquid water has the ability to supercool to temperatures well below zero before the phase transition to ice occurs. Small volumes of pure water will not spontaneously freeze until the temperature reaches -38°C (Cwilong 1945) . This is due to the requirement for the chance formation of an ice nucleus in which water molecules are aligned such as they would be in ice. This homogeneous ice nucleation event initiates the liquid to solid phase transition in an aqueous solution.
The phase transition of water to ice at warmer subzero temperatures can be catalyzed by nonaqueous agents, in a process known as heterogeneous ice nucleation. Heteronucleators function by a coherent template mechanism whereby the structure of the heteronucleator resembles the crystal structure of ice. Thus, water mol- Mol. Biol. Evof. 11(6):9 11-920. 1994 . 0 1994 by The University of Chicago. All rights reserved. 0737-4038/94/l 106-0009$02.00 ecules surrounding the heteronucleator are ordered into an ice-like array, allowing initiation of the freezing process at warmer temperatures. Several organic and inorganic materials have been shown to have heterogeneous ice-nucleating ability (reviewed in Lindow 1983). Ice-nucleating activity has also been identified from biological sources (Maki et al. 1974; Duman et al. 1984; Kieft and Ruscetti 1990; Wolanczyk et al. 1990; Pouleur et al. 1992) . The most thoroughly characterized biological heteronucleator is found in ice nucleation active (INA+) bacteria. The INA+ phenotype has been found in species of three Gram-negative genera: Erwinia, Pseudomonas, and Xanthomonas. All INA+ bacteria are epiphytic and often ubiquitous on agronomically important crops. INA+ bacteria play a significant role in causing frost injury to frost-sensitive plants. Within most frost-sensitive plant tissues, water can be supercooled to between -4°C and -12°C without intra-or extracellular freezing (Sakai and Larcher 1987) . However, when epiphytic populations of INA+ bacteria are present, they can catalyze the freezing process at temperatures up to -1.2"C (Lindow 1987). Annual crop loss attributed to frost injury in the United States has been estimated in excess of $1 billion (White and Haas 1975, pp. 304-3 12) . The irony is that the extensive impact of this damage on agricultural production goes largely unattributed to the presence of INA+ bacteria on the leaf surface.
The genetic basis for ice nucleation in bacteria is known to be a single chromosomal gene, ina, which is both necessary and sufficient for the INA+ phenotype (Orser et al. 1985; Warren and Wolber 1987) . To date, ina genes (alternatively called ice in one species) have been cloned and sequenced from five species: inaZ from Pseudomonas syringae (Green and Warren 1985) , ina W from Pseudomonasjluorescens (Warren et al. 1986) , iceE from Erwinia herbicola (Warren and Corotto 1989) , in& from Erwinia ananas (Abe et al. 1989) , and inaX from Xanthomonas campestris pathovar translucens (Zhao and Orser 1990) . The open-reading frame of this gene is highly conserved among the five species and is comprised of a strikingly repetitive core region flanked by unique 5' and 3' sequences ( fig. 1 ). The protein is localized to the outer membrane of the bacterium where it is thought to function by folding such that it mimics the hexameric structure of ice (Warren et al. 1986) . No additional function has been identified for Ina proteins.
One of the most interesting aspects of bacterial INA is an unusual distribution of the phenotype. As previously mentioned, INA is found in species of the three genera Erwinia, Pseudomonas, and Xanthomonas; however, not all species within these genera exhibit the INA+ phenotype. INA appears to be restricted to only E. ananas, E. uredovora, E. herbicola, P. syringae, P. jluorescens, and X. campestris (Lindow 1983) . Further, not all strains within these six species share the INA+ phenotype (Lindow 1983) . The phenotypic distribution of INA suggests that the ina gene may have followed an unusual evolutionary path.
Several interesting scenarios could explain the evolution of bacterial INA. First, perhaps the ina gene was present in the common ancestor of the INA+ species and subsequently lost in some lineages. This could imply that the bacteria have developed a mechanism for the maintenance of a dimorphic condition with regard to the presence or absence of an ina gene. Although theoretically possible, we know of no examples of this kind of persistent dimorphism. Second, the ina genes may have been transferred horizontally into one or more of the INA+ bacterial species. This has been previously postulated by Warren and Wolber ( 199 1). Third, the ina gene may have originated independently in INA+ bacteria. This is very unlikely due to the' extremely conserved nature of the gene sequences. This article reports an investigation into the hypotheses of persistent dimorphism versus horizontal transfer in an attempt to unravel the evolutionary history of bacterial INA.
Material and Methods

Isolation of Genomic DNAs
Genomic DNA from all Gram-negative bacteria was isolated according to a modification of the rapid RNA isolation procedure of Ausubel et al. (1987) (Warren et al. 1986 ). Three levels of periodicity are present within the repetitive core as a result of one-, two-, and sixfold imperfect repetition of the consensus 8-mer peptide AGYGSTLT.
A gap has been inserted into the sequence to align three classes of 16-mer repeats with each other. allow the purification of DNA. Genomic DNA isolation from the Gram-positive bacterium Bacillus subtilis was according to the genomic DNA isolation procedure of Ausubel et al. (1987) .
Southern Hybridizations
Genomic DNAs were digested, electrophoresed, and transferred to nylon filters, which were prehybridized and probed at 65°C. Radiolabeling of DNA probes was done using the T7 QuickPrime Kit (Pharmacia). Filters were washed twice in 0.3X SSC at 65°C for 20 min and exposed overnight with intensifying screens at -70°C unless otherwise indicated. Lower stringency washes were with 6X SSC for 20 min. Prolonged film exposures were for 1 wk with intensifying screens at -70°C. Stripping of filters was done by boiling for 1 min in 0.1% SDS, then allowing the submerged filters to cool to room temperature.
Ice Nucleation Assays
Ice nucleation activities of the bacteria were assayed by a droplet freezing technique (Vali 197 1) as described (Lindow et al. 1978 (Lindow et al. , 1982 . Ten 25-pl droplets from serial dilutions of bacterial suspensions were assayed for nucleating ability at -5°C and -9°C. The number of frozen droplets was counted after 3 min. Dilutions of each Felsenstein 1985 The 16s rDNA sequences from the four ina+ bacteria were used individually in "similarity rank" searches Results of the RDP. Four sequences that displayed high simiDimorphism of ina in Four Bacterial Species larity to one or more of the query sequences were chosen As it was previously known that some strains of for inclusion in an evolutionary
analysis. An outgroup Erwinia herbicola, Pseudomonas syringae, and Xantho16s sequence was chosen from Bacillus subtilis, a Grammonas campestris display the INA+ phenotype while positive bacterium.
To infer the phylogenetic relationothers do not, the first objective was to investigate ships of the bacteria based on 16s rDNA, sequences were whether this phenomenon was the result of a dimorphic aligned, and all gaps and unvaried characters were recondition with respect to the presence or absence of an moved from the data set, which left 284 potentially phyina gene. We examined the ina genotype of several replogenetically informative characters. DNA sequence data resentative strains of E. herbicola, P. syringae, P. jluwere used as discrete, unordered phylogenetic characters, orescens, and X. campestris using Southern hybridization and trees were constructed using version 3.0s of PAUP experiments. An 800-bp fragment from the repetitive (Swofford 199 1) with the polarity of character-state core of the inaXgene from X. campestris, shown in figure changes established using the Gram-positive bacterium 2, was used as a probe against genomic DNA from these
Bacillus subtilis as the outgroup. The Branch-and-Bound strains. The probe cross-hybridized very strongly to posment was detectable in every strain, ina+ and ina-. fig. 2 ) was also used to probe these Southern blots (data not shown). Hybridization with this probe, however, was identical to that observed with the repetitive probe. Table 2 campestris for a total of nine strains, and a 1,116-bp region of the 16s rDNA was sequenced from each. Erwinia ananas was not included in the 16s analysis as we were unable to obtain the ina+ strain used in Abe et al. (1989) . In pairwise comparisons of 16s rDNA se-
The sequences from the ina+ bacteria were used individually in "similarity rank" queries of the Ribosomal Database Project. The 16s rDNA sequence from the ina+ P. syringae strain was highly similar to the P. aeruginosa entry (Sab = 0.768) as was the ina+ P. jluorescens 16s sequence (Sab = 0.744). The ina+ E. herbicola 16s sequence was highly similar to E. herbicola (S,, = 0.782) and Escherichia coli (&, = 0.770) , and the 16s sequence from the ina+ X. campestris was most similar to X. maltophilia (Sab = 0.676 NOTE-The number of strains which were positive for hybridization out of the total tested are indicated.
